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Autophagy mediates the degradation of cytoplasmic
contents in the lysosome and plays a significant
role in immunity. Lipid second messengers have
previously been implicated in the regulation of au-
tophagy.Here,wedemonstrate a signaling role for di-
acylglycerol (DAG) in antibacterial autophagy. DAG
production was necessary for efficient autophagy of
Salmonella, and its localization to bacteria-contain-
ing phagosomes preceded autophagy. The actions
of phospholipase D and phosphatidic acid phospha-
tase were required for DAG generation and auto-
phagy. Furthermore, the DAG-responsive d isoform
of protein kinase C was required, as were its down-
stream targets JNK and NADPH oxidase. Previous
studies have revealed a role for the ubiquitin-binding
adaptor molecules p62 and NDP52 in autophagy of
S. Typhimurium. We observed bacteria-containing
autophagosomes colocalizing individually with either
DAG or ubiquitinated proteins, indicating that both
signals can act independently to promote antibacte-
rial autophagy. These findings reveal an important
role for DAG-mediated PKC function in mammalian
antibacterial autophagy.
INTRODUCTION
Autophagy was identified as a cell survival mechanism in
response to starvation but also participates in protein turnover,
cell differentiation, and defense against invading pathogens
(Huang and Klionsky, 2007; Levine and Kroemer, 2008). Though
originally characterized as a nonspecific process, it is now clear
that autophagy can also be selective for the cargo it delivers to
the lysosome. However, the signaling mechanism(s) by which
autophagy targets are selected for degradation are unclear.Cell HoLipid second messengers are required for autophagy and are
important candidates (Juhasz and Neufeld, 2006; Obara et al.,
2008; Yamashita et al., 2006). Phosphatidylinositol 3-phosphate
(PI3P) is required for yeast andmammalian autophagy (Axe et al.,
2008; Obara et al., 2008). In yeast, PI3P may function by recruit-
ing PI3P-binding autophagy-related (Atg) proteins such as Atg18
to the forming autophagosome (Xie and Klionsky, 2007).
In mammalian cells, PI3P-enriched structures are observed in
association with the endoplasmic reticulum and may recruit
autophagy-related proteins to initiate autophagy in response to
starvation (Axe et al., 2008). Generation of another signaling lipid,
sphingosine 1-phosphate, which is formed by sphingosine
kinase 1, also stimulates autophagy (Lavieu et al., 2006);
however, the role of other lipid secondmessengers in autophagy
regulation in mammalian cells has not been explored.
Autophagy is now recognized as a key component of innate
immunity to bacterial infection (Deretic and Levine, 2009), and
defects in antibacterial autophagy are linked to Crohn’s disease,
a type of inflammatory bowel disease (Cadwell et al., 2008;
Kuballa et al., 2008; McCarroll et al., 2008; Parkes et al., 2007;
Rioux et al., 2007). A variant in the ATG16L1 gene associated
with Crohn’s disease impairs autophagy of Salmonella enterica
serovar Typhimurium (S. Typhimurium) (Kuballa et al., 2008),
a Gram-negative intracellular pathogen with a broad host range
(Haraga et al., 2008). During infection of the host, these bacteria
typically replicate within a modified endosomal compartment in
host cells, the Salmonella-containing vacuole (SCV) (Brumell
and Grinstein, 2004). We have previously demonstrated that
a population of intracellular S. Typhimurium is targeted by
autophagy following invasion of host cells and that autophagy
restricts intracellular bacterial replication (Birmingham et al.,
2006). We and others find that S. Typhimurium can be targeted
by autophagy in a ubiquitin-dependent manner that requires
the autophagy adaptors p62 (also called SQSTM1) and NDP52
(Thurston et al., 2009; Zheng et al., 2009). These adaptors bind
to ubiquitin and microtubule-associated protein 1 light chain
3 (LC3) and serve to target ubiquitin-associated S. Typhimurium
to the autophagy pathway (Thurston et al., 2009; Zheng et al.,
2009). Knockdown of p62 and NDP52 expression leads tost & Microbe 8, 137–146, August 19, 2010 ª2010 Elsevier Inc. 137
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A Role for DAG in Antibacterial Autophagya partial, though not complete, decrease in autophagy of
S. Typhimurium (Thurston et al., 2009; Zheng et al., 2009). In
this regard, it is noteworthy that only 50% of S. Typhimurium
targeted by autophagy (LC3+) are associated with ubiquitinated
proteins (Birmingham et al., 2006), indicating the potential for
a ubiquitin-independent pathway for autophagic targeting of
bacteria prior to escape into the cytosol. We hypothesized that
a lipid second messenger generated on SCV membranes medi-
ates antibacterial autophagy. Here, we demonstrate that
diacylglycerol (DAG) serves as a specific signal to initiate
autophagy of S. Typhimurium during infection.Figure 1. DAG Colocalizes with Bacteria-Containing Autophago-
somes
(A) HeLa cells were cotransfected with RFP-LC3 and either 2FYVE-GFP (PI(3)P
probe), PLCd-PH-GFP (PI(4,5)P2 probe), GFP-PH-AKT (PI(3,5)P2 and PI(3,4,5)
P3 probe), or PKCd-C1-GFP (DAG probe). Cells were infected with wild-type
S. Typhimurium, fixed at 1 hr p.i., and immunostained for S. Typhimurium.
Representative confocal z slices are shown. The inner panels represent
a higher magnification of the boxed areas. Scale bar, 10 mm.
(B) The percentage of RFP-LC3+ or RFP-LC3 bacteria colocalizing with the
lipid probes in (A) was determined by fluorescence microscopy.
(C) HeLa cells were transfected with PKCd-C1-GFP and infected as in (A).
Cells were treated with or without chloramphenicol (CM, 200 mg/ml) at
10 min p.i. for the remainder of the infection. Cells were fixed at the indicated
time points and were immunostained for S. Typhimurium. The percentage
of PKCd-C1-GFP+ bacteria was enumerated by fluorescence microscopy.
Data represent the mean ± standard error (SEM) for three independent
experiments.RESULTS
Diacylglycerol Associates with Autophagy-Targeted
Bacteria
We performed a screen for lipid second messengers associated
with bacteria targeted by autophagy. Lipid second messengers
were visualized by transfecting HeLa cells with fluorescent
lipid-binding probes prior to infection (Table S1 available online).
The colocalization of each lipid with intracellular bacteria was
assessed at 1 hr postinfection (p.i.), the time of maximal auto-
phagy of S. Typhimurium (Birmingham et al., 2006). To visualize
SCVs targeted by autophagy, we cotransfected cells with RFP
fusions to LC3, a marker of autophagosomes (Klionsky et al.,
2008). As an internal control, lipid colocalization with bacteria
not targeted by autophagy (LC3) was also quantified.
Using 2FYVE-GFP, wemonitored PI3P localization in S. Typhi-
murium-infected cells. We observed PI3P-containing puncta
associated with LC3+ bacteria (Figure 1A). However, these
puncta were also observed in association with LC3 bacteria,
and there was no significant difference in the colocalization of
PI3P with the two populations (Figure 1B). Production of PI3P
by the class III PI3-kinase Vps34 is essential for autophagy in
mammals and yeast, and PI3-kinase inhibitors block autophagy
of S. Typhimurium (Kihara et al., 2001; Klionsky et al., 2008;
Obara et al., 2006). Therefore, our findings suggest that PI3P
production, although essential for autophagy, does not provide
a localized signal that selects SCVs as cargo for autophagy.
PI(4,5)P2 (PLCd-PH-GFP) and PI(3,4)P2/PI(3,4,5)P3 (GFP-PH-
AKT) were similarly found to be equally associated with both
LC3+ and LC3 bacteria (Figures 1A and 1B).
An important lipid second messenger is DAG, which induces
translocation of responsive proteins to DAG-rich membranes
(Carrasco and Me´rida, 2007). Using the C1 domain from PKCd
as a probe, we visualized DAG. The probe localized to perinu-
clear transferrin and Rab5-positive endosomes in control (not
infected) cells (Figure S1A). In S. Typhimurium-infected cells,
DAG was preferentially found on LC3+ SCVs, suggesting that
this lipid may play a role in autophagy (Figures 1A and 1B). The
association of DAG with autophagy-targeted bacteria was
further confirmed using antibodies to endogenous LC3 (Fig-
ure S1B). In fact, quantification revealed that endogenous LC3
preferentially colocalizes with DAG+ bacteria (Figure S1C).
Another component of the autophagy machinery is Atg16L1,
which acts as a targeting factor for localized induction of
autophagy (Mizushima et al., 2003). Using a transiently trans-
fected construct, we also observed preferential colocalization138 Cell Host & Microbe 8, 137–146, August 19, 2010 ª2010 Elsevieof Atg16L1 with DAG+ bacteria (Figures S1D and S1E). These
findings suggest that LC3 may be conjugated to DAG+ SCVs.
DAG Colocalization Is Independent
of and Precedes Autophagy
We also monitored the kinetics of DAG colocalization with the
total population of intracellular bacteria (without scoring for
LC3 colocalization). DAG association with SCVs peaked atr Inc.
Figure 2. DAG Production on SCVs Is Independent of Autophagy
(A and B) Wild-type (WT) and autophagy-deficient (atg5/) MEFs were trans-
fected with either PKCd-C1-GFP (A) or GFP-LC3 (B). Cells were infected with
S. Typhimurium expressing mRFP (RFP-Sal). Cells were fixed at 45 min (A) or
1 hr (B) p.i. Representative confocal z slices are shown. The inner panels
represent a higher magnification of the boxed areas. Scale bar, 10 mm.
(C) WT and atg5/ MEFs were transfected and infected as in (A) and (B) and
fixed at the indicated time points. PKCd-C1-GFP+ or GFP-LC3+ RFP-Sal were
determined by fluorescence microscopy. Data represent the mean ± SEM for
at least three independent experiments.
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bacteria, which occurs at 1 hr p.i. (Birmingham et al., 2006).
Live cell imaging confirmed that recruitment of the DAG probe
to individual SCVs precedes LC3 (Figure S2 and Movie S1).
Previous studies have shown a requirement for bacterial
protein synthesis after invasion, and the bacterial SPI1-encoded
type III secretion system (T3SS) for autophagy ofS. Typhimurium
(Birmingham et al., 2006). We therefore looked at DAG colocali-
zation in the presence of the bacterial protein synthesis inhibitor
chloramphenicol (CM) and observed an impairment in DAG
recruitment (Figure 1C). S. Typhimurium normally invades cells
by translocating effector proteins into host cells via the SPI1-
T3SS. We examined the invA/inv mutant of S. Typhimurium,
which lack a functional SPI1 T3SS and are instead internalized
through expression of the Yersinia invasin protein (Steele-Mor-
timer et al., 2002). We have previously shown that the invA/inv
mutant is not targeted by autophagy (Birmingham et al., 2006).
Here, we observed that DAG did not colocalize with the invA/inv
mutant (Figures S3A and S3B). These findings are consistent
with a link between DAG production on SCVs and their targeting
by autophagy.
To determine whether DAG is a signal for autophagy, we next
tested whether maintenance of the DAG signal would result in
prolonged autophagy of S. Typhimurium at later time points p.i.
Members of the DAG kinases (DGKs) act to attenuate DAG
signaling levels by phosphorylating DAG to produce phospha-
tidic acid (PA) (Carrasco and Me´rida, 2007; Me´rida et al., 2008).
Treatment with DGK inhibitor I (R59022) resulted in significantly
more autophagy at 90 min p.i. when compared with vehicle-
treated cells (Figures S3C and S3D). Therefore, decreased turn-
over of DAG maintains autophagic targeting of SCVs.
Because our data suggested a link between DAG and auto-
phagy, we wanted to determine whether DAG localization to
bacteria was dependent on the cell’s autophagic machinery.
It was reasonable to postulate that DAG accumulation on the
SCV was the result of delivery of autophagic membrane. Indeed,
the source(s) of membranes for autophagy and their lipid
composition are not known (Mizushima, 2007). To address this
question, we examined wild-type and atg5/ (autophagy-defi-
cient) mouse embryonic fibroblasts (MEFs). These cells were
infected with S. Typhimurium, and bacterial colocalization with
the DAG probe or LC3 was characterized in separate experi-
ments. We determined that DAG colocalization to the SCV was
independent of autophagy and still occurred in the absence of
a functional autophagy system (in Atg5/ MEFs) (Figures 2A–
2C). We conclude that the DAG signal precedes autophagy
and that its presence on SCVs is not due to delivery of autopha-
gic membrane.
DAG Is Generated by PAP and PLD and Is Required
for Autophagy
Next, we examined the pathway of DAG generation on SCVs.
In addition to de novo DAG biosynthesis, DAG generation can
also occur via phospholipase C (PLC), phosphatidic acid phos-
phatase (PAP), and sphingomyelin synthase (SMS) (Figure 3A)
(Carrasco and Me´rida, 2007; Huitema et al., 2004). Treatment
with the PLC inhibitor U73122 did not alter DAG or LC3 colocal-
ization with S. Typhimurium, suggesting that PLC activity is not
involved in autophagy (Figures S4A and 3B). In addition, treat-Cell Homent with the SMS inhibitor D609 did not have any effect on
DAG colocalization with the bacteria (Figure 3C). In contrast,
inhibition of PAP with propranolol hydrochloride resulted in
significant decreases in both DAG colocalization with bacteria
at 45 min p.i. and LC3 colocalization at 1 hr p.i. (Figures 3Bst & Microbe 8, 137–146, August 19, 2010 ª2010 Elsevier Inc. 139
Figure 3. Autophagy of S. Typhimurium Requires Phosphatidic Acid
Phosphatase and Phospholipase D
(A) Pathways for the production of DAG. PC (phosphatidylcholine), PLD
(phospholipase D), PA (phosphatidic acid), PAP (phosphatidic acid phospha-
tase), propr. (propranolol hydrochloride), PLC (phospholipase C), SMS (sphin-
gomyelin synthase), SM (sphingomyelin).
(B) HeLa cells were transfected with GFP-LC3 and infected with RFP-Sal. Cells
were treated with growth medium (GM), U73122 (10 mM), DMSO, propranolol
hydrochloride (propr., 250 mM), or H2O at 10 min p.i. for the remainder of the
infection and were fixed at 1 hr p.i.
(C) HeLa cells were transfectedwith PKCd-C1-GFP and infected with RFP-Sal.
Cells were treated with GM, propranolol hydrochloride (propr., 250 mM), or
D609 at the indicated concentrations at 10 min p.i. for the remainder of the
infection and were fixed at 45 min p.i.
(D) HeLa cells were cotransfected with GFP-LC3 and either control siRNA
(si-CTRL) or siRNA specifically targeting Atg12 (si-ATG12) or PAP2B (si-PAP).
Cells were infected with RFP-Sal and fixed at 1 hr p.i.
(E) HeLa cells were transfected with RFP-LC3 and either GFP, HA-PLD1 DN
(dominant-negative), or HA-PLD2 DN. Cells were infected with S. Typhimu-
rium, fixed at 1 hr p.i., and immunostained for S. Typhimurium and HA tag.
The percentage of DAG+ or LC3+ S. Typhimurium was determined by fluores-
cence microscopy. Data represent the mean ± SEM for at least three
independent experiments.
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colocalization with S. Typhimurium (Figures 3D and S4B). These
data demonstrate that DAG generation on SCVs occurs through
the PAP pathway and that this pathway is required for antibacte-
rial autophagy.
PAP activity requires a pool of PA substrate, which can be
generated through the action of phospholipase D (PLD)
(Figure 3A) (Carrasco andMe´rida, 2007). Inhibition of PLD activity
with 1-butanol led to a consistent decrease in both DAG and LC3
colocalization with S. Typhimurium (Figures S4C and S4D). This
effect was not observedwith tert-butanol, an isomer of 1-butanol
that does not inhibit PLD activity. Expression of catalytically inac-140 Cell Host & Microbe 8, 137–146, August 19, 2010 ª2010 Elsevietive mutants of hPLD1 (K898R) and mPLD2 (K758R), which have
been used previously as dominant-negative constructs (DN)
(Denmat-Ouisse et al., 2001), led to a significant decrease in au-
tophagy of S. Typhimurium (Figures S4E and 3E). Therefore, the
generation of DAG on SCVs and subsequent autophagy of
S. Typhimurium requires the action of both PAP and PLD.
PKC Plays a Conserved Role in Autophagy Regulation
Classical and novel PKC isoforms contain DAG-binding C1
domains, and DAG binding has an impact upon their function
(Griner and Kazanietz, 2007; Kazanietz, 2000). To test a role for
PKCs in autophagy, we utilized pharmacological PKC inhibitors.
Treatment with rottlerin, but not Go6983, led to a significant
decrease in autophagy of S. Typhimurium (Figures S5A and
S5B). Neither inhibitor affected DAG levels on the SCV (Figures
S5C and S5D). Rottlerin has affinity for PKCd (Gschwendt
et al., 1994). Therefore, to further test a role for this PKC in
antibacterial autophagy, we used siRNA to target its expression
(Figure S5E). Knockdown of PKCd led to a significant decrease in
autophagy of S. Typhimurium that was not observed upon siRNA
targeting of PKCa expression (Figures 4A and 4B). The role for
PKCd in autophagy of S. Typhimurium was confirmed using
PKCd/ MEFs (Figure 4C). Complementation of the PKCd/
MEFs with PKCd expression from a plasmid restored autophagy
to WT levels. To test whether PKCd can restrict intracellular
bacterial growth, we also looked at bacterial replication in WT
and PKCd/ MEFs and observed significantly more bacteria
at 6 and 8 hr p.i. in cells lacking PKCd (Figure 4D), indicating
that PKCd plays a significant role in antibacterial autophagy.
Saccharomyces cerevisiae (S. cerevisiae) contains a single
PKC isozyme, Pkc1. Using temperature-sensitive (ts) mutants
of this kinase (Table S2), we examined its role in starvation-
induced autophagy. In yeast, autophagosomes are delivered to
the vacuole, whereupon their contents are degraded. We used
yeast expressing GFP-Atg8, which, upon delivery to the vacuole
via autophagosomes, is degraded to produce free GFP. We
found that pkc1 mutants (pkc1ts, pkc1–3, and pkc1–4) were
defective in GFP-Atg8 processing in starvation-induced auto-
phagy at the nonpermissive temperature (NPT, 38C) compared
to the permissive temperature (PT, 24C) (Figure 5A). As
expected, cells lacking Atg1 (essential for autophagy) did not
display GFP-Atg8 processing. We also measured alkaline
phosphatase (Pho8D60) activity during starvation-induced
autophagy. Pho8D60 is a truncation of the vacuolar alkaline
phosphatase, Pho8, and is expressed in an inactive form that
matures only upon delivery to the vacuole by autophagy (Noda
et al., 1995). Pho8D60 activity was compromised in pkc1
mutants, indicating a required role for this kinase in starvation-
induced autophagy in yeast (Figure 5B). Therefore, PKC plays
a conserved role in autophagy regulation.
Next, we addressed the mechanism by which PKCd regulates
autophagy in mammalian cells. Previously, it was shown that
PKCd regulates the interaction between Bcl-2 and Beclin 1 via
JNK activation (Chen et al., 2008). Therefore, we treated cells
with the JNK inhibitor SP600125 and observed impairment of
antibacterial autophagy (Figure S6A). This role was further
confirmed using DN constructs (Figure S6B). PKCd also acti-
vates NADPH oxidases (Fontayne et al., 2002; Pendyala et al.,
2009), which we have previously shown to be required forr Inc.
Figure 4. Autophagy of S. Typhimurium Requires Protein Kinase C
(A and B) HeLa cells were cotransfected with GFP-LC3 and either control siRNA (si-CTRL) or siRNA specifically targeting Atg12 (si-ATG12), PKCd (si-PKCd), or
PKCa (si-PKCa). Cells were infected with wild-type RFP-Sal and fixed at 1 hr p.i. Representative confocal z slices are shown (A). The inner panels represent
a higher magnification of the boxed areas. Scale bar, 10 mm. The percentage of GFP-LC3+ bacteria was determined by fluorescence microscopy (B).
(C)WT and PKCd-deficient (PKCd/) MEFswere transfectedwithGFP-LC3 and/or a PKCd expression plasmid. Cells were infectedwith RFP-Sal and fixed at 1 hr
p.i. The percentage of GFP-LC3+ bacteria was determined by fluorescence microscopy.
(D)WT and PKCd-deficient (PKCd/) MEFswere infected with wild-typeS. Typhimurim and lysed at the indicated time points. The number of bacteria was deter-
mined by the number of colonies formed on agar plates. Data represent the mean ± SEM for at least three independent experiments.
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of p22phox, an essential component of NOX1-4 NADPH oxidases
(Nauseef, 2008), impaired autophagy of Salmonella but had no
effect on DAG localization to the bacteria (Figures S6C–S6E).Figure 5. Pkc1 Is Required for Starvation-Induced Autophagy in Yeast
(A) GFP-Atg8 processing wasmonitored in wild-type (TN124), atg1D (TYY127), pk
medium at the permissive (PT, 24C) or nonpermissive (NPT, 38C) temperature. F
YFP antibodies.
(B) Autophagic activity was determined by obtaining extracts from wild-type (T
Pho8D60 and analyzed for Pho8D60-dependent alkaline phosphatase activity. SD
with glucose and nitrogen. Data represent the mean ± SEM for at least three ind
Cell HoTherefore, DAG localization to the SCV is not sufficient to
promote autophagy of Salmonella in the absence of NADPH
oxidase activity. These studies suggest that PKCd promotes au-
tophagy of bacteria through JNK andNADPH oxidase activation.c1ts, pkc1–3, and pkc1–4 cells expressing GFP-Atg8. Cells were grown in SD-N
ull-lengthGFP-Atg8 and freeGFPwere detected bywestern blotting using anti-
N124), atg1D (TYY127), pkc1ts, pkc1–3, and pkc1–4 S. cerevisiae expressing
-N, synthetic medium with glucose, lacking nitrogen. SMD, synthetic medium
ependent experiments.
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Figure 6. DAG and p62 Act in Independent Signaling Pathways for Antibacterial Autophagy
(A) HeLa cells were cotransfected with PKCd-C1-GFP and RFP-LC3. Cells were infected with wild-type S. Typhimurium, fixed at 45 min p.i., and immunostained
for S. Typhimurium and mono- and polyubiquitinated proteins. Representative confocal z slices are shown. The inner panels represent a higher magnification of
the boxed areas. Scale bar, 10 mm.
(B) HeLa cells were transfected with PKCd-C1-GFP, infected with wild-type S. Typhimurium, and fixed at 45 and 60 min p.i. Cells were immunostained for
ubiquitinated protein and bacteria as in (A). DAG+ bacteria were scored for colocalization with ubiquitin.
(C) HeLa cells were transfected with PKCd-C1-GFP, infected with wild-type S. Typhimurium, fixed at 45min p.i., and immunostained for S. Typhimurium and p62.
p62 colocalization was quantified for DAG+ and DAG bacteria.
(D) HeLa cells were cotransfected with GFP-LC3 and either control siRNA (si-CTRL) or siRNA specifically targeting PKCd (si-PKCd), PAP (si-PAP), or p62 (si-p62).
Cells were infected with wild-type S. Typhimurium and treated with 15 mM rottlerin where indicated. Cells were fixed at 1 hr p.i. and quantified for colocalization
with GFP-LC3. Data represent the mean ± SEM for three independent experiments.
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Antibacterial Autophagy
Having characterized DAG as a signal required for autophagy
of S. Typhimurium, the possibility exists that it may act in
conjunction with ubiquitin-dependent autophagy adaptors
(p62/NDP52) in order to target bacteria to this pathway. To test
this possibility, we cotransfected HeLa cells with the DAG probe
and RFP-LC3 and immunostained for endogenous ubiquitin
(mono- and polyubiquitinated proteins). We examined LC3+
S. Typhimurium and were able to observe bacteria colocalizing
individuallywith eitherDAGor ubiquitin (Figure 6A).Wequantified
colocalization of ubiquitinwithDAG+bacteria at 45and60minp.i.
and observed that the majority of DAG+ bacteria were negative
for ubiquitin (65% at both time points) (Figure 6B). We also
quantified the colocalization of p62 with DAG+ and DAG
S. Typhimurium populations and observed that p62 colocalized142 Cell Host & Microbe 8, 137–146, August 19, 2010 ª2010 Elseviesignificantly more with DAG bacteria (Figure 6C). In addition,
we targeted components of each pathway (DAG and p62)
separately and in combination in order to determine the contribu-
tion of each pathway to antibacterial autophagy. Using siRNA
and pharmacological agents, we observed additive inhibitory
effects in the presence of siRNA to p62/PAP and p62/with rot-
tlerin treatment (Figures 6D and S6F). We also observed additive
inhibitory effects in the presence of siRNA to p62/PKCd, although
this effect was not statistically significant. These data are consis-
tent with a model whereby both signals (DAG and ubiquitin) can
act independently as inducers of antibacterial autophagy.
DISCUSSION
Selective autophagy is categorized based upon the cargo, which
can include bacteria (xenophagy), mitochondria (mitophagy),r Inc.
Figure 7. Two Signals Target S. Typhimurium to the Autophagy
Pathway
Model depicting the dual pathways by which S. Typhimurium is targeted by
autophagy in mammals and the conserved role for PKC in the regulation of
this process in both mammals and yeast. Data are consistent with two
independent pathways for induction of antibacterial autophagy in mammalian
cells (DAG and ubiquitin pathways). The dashed line and question mark
between pathways represent the possibility that the two pathways may
interact with each other.
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mechanisms by which different cargo are specifically targeted
for degradation by autophagy have remained unclear. Recent
work in antibacterial autophagy of S. Typhimurium has charac-
terized a role for protein ubiquitination in the targeted degrada-
tion of bacteria (Thurston et al., 2009; Zheng et al., 2009). This
process is mediated by at least two different autophagy adap-
tors, p62 and NDP52, which bridge the ubiquitin and autophagy
pathways and thereby restrict bacterial growth (Thurston et al.,
2009; Zheng et al., 2009). A ubiquitin-dependent pathway
involving p62 also contributes to autophagy of Listeria monocy-
togenes (Yoshikawa et al., 2009) and disrupted vacuolar
membrane associated with Shigella flexneri (Dupont et al.,
2009). Despite the recognized importance of ubiquitin-depen-
dent autophagy of bacteria, we have previously shown that
only50% of S. Typhimurium targeted by autophagy (LC3+) co-
localize with ubiquitinated proteins, suggesting the presence of
an alternative ubiquitin-independent pathway (Birmingham
et al., 2006). Consistent with this notion, we recently observed
that depletion of p62 only partially inhibits autophagy of
S. Typhimurium (Zheng et al., 2009).
Here, we provide several lines of evidence indicating that DAG
can also serve as a signal to promote antibacterial autophagy:
(1) kinetic analysis and live cell imaging demonstrated that DAG
is localized to bacteria prior to LC3 recruitment, (2) DAG colocali-
zationwith bacteria was independent of Atg5, indicating that DAG
wasnot recruited tobacteriawith autophagicmembranes, (3) inhi-
bition of DAG formation with genetic or pharmacological
approaches impaired autophagy of bacteria, and (4) DAG was
present on SCVs that did not colocalize with ubiquitin, and inhibi-
tion of both DAG and p62 pathways resulted in an additive inhib-
itory effect onantibacterial autophagy. Therefore,wepropose that
DAG-dependent and ubiquitin-dependent pathways contribute
independently to autophagy of S. Typhimurium (Figure 7). We do
not rule out the possibility that these pathways can interact and
have overlapping impacts on autophagy of bacteria. It is also
expected that the relative activity of these pathways will depend
on the cell type examined and the virulence factors employed by
the pathogen. Importantly, our data suggest that multiple path-
wayscontribute toactivationof antibacterial autophagy, providing
a level of redundancy for innate immune defense.
Much remains to be learned about these two signaling path-
ways. For example, with ubiquitin-dependent autophagy, it is
not clear which proteins, bacterial or eukaryotic, are ubiquiti-
nated to recruit the cytosolic autophagy adaptors. Similarly,
the E3 ligases that mediate these ubiquitination events to initiate
autophagy have not been identified. It is noteworthy that both
S. Typhimurium and S. flexneri encode ubiquitin E3 ligases that
are translocated into the host cell by type III secretion systems
during the early stages of infection (Quezada et al., 2009; Rohde
et al., 2007; Rytko¨nen and Holden, 2007). Thus, it is tempting to
speculate that bacterial E3 ligases promote antibacterial auto-
phagy. Indeed, LaFont and colleagues have suggested the
possibility that these bacteria initiate ubiquitin-dependent au-
tophagy as amechanism to suppress proinflammatory/cytotoxic
signaling events localized to disrupted phagosomes (Dupont
et al., 2009).
Whether DAG-dependent autophagy is a bacterial- or host-
initiated process is unclear. Localization ofDAG toS. TyhimuriumCell Horequired the SPI1 T3SS. Consistent with this observation, we
previously found that the SPI1 T3SS is also required for auto-
phagy of S. Typhimurium (Birmingham et al., 2006). Membrane
damage may provide a signal for DAG production and auto-
phagy. The pore-forming translocon component of T3SSs
causes membrane damage in eukaryotic cells, including disrup-
tion of SCVs during S. Typhimurium infection (Birmingham et al.,
2006; Perrin et al., 2004; Roy et al., 2004; Veenendaal et al.,
2007). Membrane damage has also been associated with auto-
phagic targeting of latex bead phagosomes following their entry
into nonphagocytic cells via coating with lipid-based transfec-
tion reagents (Kobayashi et al., 2010). Osmotic swelling is
another method to induce endosomal rupture that may be anal-
ogous to bacterial type III secretion or other toxin damage.
Of interest, DAG is generated on endosomes recovering from
osmotic shock (Shaughnessy et al., 2007), consistent with
a role for autophagy in repairing damaged endosomes (Birming-
ham et al., 2006; Kobayashi et al., 2010). We have shown that the
activities of PLD and PAP are required for DAG localization to
bacteria and contribute to antibacterial autophagy (Figure 7).
The nature of the upstream signals that lead to activation of these
enzymes remains unclear and will be the subject of future study.
Though we favor the model of membrane damage inducing
autophagy, it is possible that S. Typhimurium translocates one
or more type III secreted effector proteins into host cells to
promote DAG production on SCVs and subsequent autophagy,
analogous to the proposed initiation of autophagy by translo-
cated E3 ligases.
How does DAG promote autophagy of S. Typhimurium? We
propose that DAG acts at the target organelle (SCV) to recruit
the DAG-binding PKC isoform PKCd, which can activate auto-
phagy via the JNK and NADPH oxidase pathways. Of interest,
we also observed DAG on rapamycin-induced autophagosomes
(Figures S7A and S7B). Other lipid-binding fluorescent probes
were not significantly associated with these autophagosomes
(Figures S7A and S7B). We also found that inhibition of PAP
and PKCd using a siRNA strategy resulted in significant inhibitionst & Microbe 8, 137–146, August 19, 2010 ª2010 Elsevier Inc. 143
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suggest a role for DAG/PKC in other types of autophagy. In fact,
other DAG-responsive PKC isoforms (d and q) have also been
implicated in hypoxia and ER stress-induced autophagy,
respectively (Chen et al., 2008; Sakaki et al., 2008). However,
it remains to be determined whether DAG plays a role in these
forms of autophagy. We find that Pkc1 plays an important role
in yeast autophagy, further suggesting a model wherein PKC
isoforms are central and evolutionarily conserved regulators of
autophagy. In mammalian cells, it can be postulated that novel
PKC isoforms are recruited and activated in a DAG-dependent
manner to cargo selected for autophagy. The involvement of
multiple PKC isoforms in autophagy regulation in mammals is
reminiscent of Atg1, an essential autophagic factor whose
regulatory role is conserved but has become more complex in
higher eukaryotes (Chan and Tooze, 2009). To date, more than
13 types of autophagy have been described in eukaryotes
(Klionsky et al., 2007a). It remains to be seen whether DAG and
PKC isoforms play a role in these processes and whether tar-
geted modulation of their activities can provide therapeutic
benefits for treatment of diseases for which autophagy has
been implicated in pathogenesis.
EXPERIMENTAL PROCEDURES
Antibodies and Other Reagents
Primary antibodies used include rabbit polyclonal antibodies to
S. TyphimuriumO anti-serumGroup B (Difco Laboratories), PKCa and d (Santa
Cruz Biotechnology), Atg12 (Cell Signaling), YFP (Clontech), and b-actin
(Sigma). Rabbit polyclonal antibodies to LC3 (B-90) were a kind gift from Karla
Kirkegaard (Stanford University). Rabbit polyclonal antibodies to p22 (R3179)
were a kind gift from Mark T. Quinn (Montana State University). Mouse mono-
clonal antibodies used include those to mono- and polyubiquitinated
conjugates, FK2 clone (Enzo Life Sciences), and p62 (BD Biosciences). All
secondary antibodies used were Alexa Fluor conjugates (Molecular Probes).
Pharmacological agents used include D609, Enzo Life Sciences. DGK
inhibitor I (R59022), 3-methyladenine (3-MA), butanol, tert-butanol, phorbol
12-myristate 13-acetate (PMA), 4a-phorbol 12-myristate 13-acetate
(4a-PMA), and SP600125 were purchased from Sigma. U73122, propranolol
hydrochloride, and rapamycin were purchased from Biomol International. Rot-
tlerin and Go6983 were purchased from Calbiochem. siGENOME SMARTpool
siRNA reagents (Dharmacon) were used for targeting human Atg12, Pap2B,
p62, Pkca, Pkcd, and p22, as well as scrambled control siRNA.
Bacterial Strains and Cell Culture
Wild-type S. Typhimurium SL1344 (Hoiseth and Stocker, 1981) or monomeric
red fluorescent protein (mRFP)-expressing S. Typhimurium or invA/inv
S. Typhimurium (Birmingham et al., 2006) were used for infection studies as
indicated. atg5/ and PKCd/ mouse embryonic fibroblasts (MEFs) have
been previously described (Kuma et al., 2004; Miyamoto et al., 2002). HeLa,
Henle, and mouse embryonic fibroblasts (MEFs) were maintained in
Dulbecco’s modified Eagle’s growth medium (Thermo Scientific) supple-
mented with 10% fetal bovine serum (Wisent) at 37C at 5% CO2 without anti-
biotics. Cells were seeded in 24-well tissue culture plates (BD Biosciences) at
2.5 3 104 cells/well 48 hr prior to use for experiments involving direct visual
analysis. Cells were seeded at 5.03 104 cells/well 48 hr prior to use for exper-
iments involving siRNA treatment and western blot analysis.
Plasmids and Transfection
Transfection reagents GeneJuice (EMD Biosciences) and FuGene 6 (Roche
Applied Sciences) were used according to the manufacturers’ instructions.
Constructs used: 3xmyc-Atg16L1 (Kuballa et al., 2008), GFP-LC3 (Kabeya
et al., 2000), RFP-LC3 (kindly provided by Walter Beron, Universidad Nacional
de Cuyo), PKCd-C1-GFP (Tse et al., 2005), PH-PLCd-GFP (Stauffer et al.,144 Cell Host & Microbe 8, 137–146, August 19, 2010 ª2010 Elsevie1998), 2FYVE-GFP (Vieira et al., 2001), and GFP-PH-AKT (Weernink et al.,
2000). HA-PLD1 WT, HA-PLD2 WT, HA-PLD1 K898R, and HA-PLD2 K758R
were kindly provided by Michael Frohman (SUNY, New York). PKCd
expression plasmid, pMT2-PKCd/, was a kind gift from Michael Leitges
(University of Oslo). DN JNK constructs, DN JNK1 (plasmid 13846), and DN
JNK2 (plasmid 13761) (De´rijard et al., 1994; Gupta et al., 1996) were obtained
from Addgene. siRNA transfections were performed using Oligofectamine
(Invitrogen) according to the manufacturer’s instructions.
Bacterial Infection
Late-log S. Typhimurium cultures were used for infecting cells and prepared
using a method optimized for bacterial invasion (Steele-Mortimer et al.,
1999). In brief, wild-type bacteria were grown in LB with antibiotics
for16 hr at 37Cwith shaking and were then diluted (1:33) in LB without anti-
biotics for 3 hr. Bacterial inocula were prepared by pelleting at 10,000 3 g for
2 min, diluted 1:100 in phosphate buffered saline (PBS) (pH 7.2), and added to
cells for 10min at 37C. After infection, extracellular bacteria were removed by
extensive washing with PBS and addition of 100 mg/ml gentamicin to the
growth medium at 30 min postinfection. For experiments requiring inhibition
of bacterial protein synthesis, 200 mg/ml chloramphenicol was added directly
to the growth medium after infection and kept present throughout the rest of
the infection. invA/inv S. Typhimurium invasion has been previously described
(Birmingham et al., 2006).
Immunofluorescence
Cells were fixed with 2.5% paraformaldehyde in PBS (pH 7.2) for 10 min at
37C. Fixed cells were permeabilized and blocked in 0.2% saponin (Calbio-
chem) and 10% normal goat serum (Wisent) for 2–12 hr and stained as previ-
ously described (Brumell et al., 2001). Samples were mounted on slides using
fluorescence mounting medium (Dako).
Live Cell Imaging
Alexa Fluor 647 carboxylic acid, succinimidyl ester (Invitrogen) was used to
label wild-type S. Typhimurium SL1344 as previously described (Birmingham
et al., 2006). HeLa cells were maintained at 37C in RPMI (Thermo Scientific)
during the course of the infection. A Leica DMIRE2 inverted fluorescence
microscope equipped with a Hamamatsu Back-Thinned EM-CCD camera
and spinning disk confocal scan head with a 633 objective and LSM 510 soft-
ware was used. Volocity software (Improvision) was used to acquire images
and perform deconvolution and 3D rendering.
Confocal Microscopy and Image Preparation
All images shown are confocal z slices taken using a Leica DMIRE2 inverted
fluorescence microscope equipped with a Hamamatsu Back-Thinned
EM-CCD camera and spinning disk confocal scan head with a 633 objective
and LSM 510 software. Volocity software (Improvision) was used to acquire
images. Confocal images were imported into Adobe Photoshop and assem-
bled in Adobe Illustrator. Colocalization and enumeration studies were per-
formed on a Leica DMIRE2 fluorescence microscope by direct visualization.
Yeast Autophagy Assays
GFP-Atg8 processing was determined using wild-type (TN124), atg1D
(TYY127), pkc1ts, pkc1–3, and pkc1–4 cells expressing GFP-Atg8 as previ-
ously reported (Klionsky et al., 2007b). In brief, cells were incubated in SD-N
medium at the permissive (24C) or nonpermissive (38C) temperature.
Full-length GFP-Atg8 and free GFP were detected by western blotting using
anti-YFP antibodies. Bulk autophagic activity was determined using yeast
strains expressing Pho8D60 as previously described (Klionsky et al., 2007b).
Cells were grown in YPD at the permissive temperature. Half of the cell cultures
were shifted to the nonpermissive temperature for 30 min to inactivate Pkc1,
and the other half remained at 24C. Cells were then shifted to SD-N at either
24C or 38C for 2 hr. Cell extracts were subsequently prepared for Pho8D60-
dependent alkaline phosphatase activity measurements.
Statistics
Themean ± SEM for at least three independent experiments is shown in figures
unless otherwise indicated, and p values were calculated using a two-tailedr Inc.
Cell Host & Microbe
A Role for DAG in Antibacterial Autophagytwo-sample unequal variance Student’s t test. A p value of less than 0.05 was
determined to be statistically significant.SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, two tables, and one movie
and can be found with this article online at doi:10.1016/j.chom.2010.07.002.
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